
;^_e3el9l6<X|6T'5& -1 20 April 2004 Fast modified discrete cosine transform
method Field of the Invention 5 This invention is applicable in the field
of multi-channel audio coders which use a modified discrete cosine
transform as a step in the compression of audio signals. Background of the
Invention 10 Recent years have witnessed an unprecedented advancement in
audio coding technology. This has led to high compression ratios while
keeping audible degradation in the compressed signal to a minimum. These
coders are intended for a variety of applications, including 5.I channel
film soundtracks, HDTV) laser discs and multimedia. Description of a
compression method used in such coders can be found in the ATSC Standard,
"Digital Audio Corrtpression (AG3) 1~ Srandard", Document A152, 20
December; 1995. In the basic approach, at the encoder the time domain
signal is sectioned into frames, each frame comprising of a number of
blocks. The time domain signal in each block is fast converted to the
frequency domain using a bank of filters. The frequency domain
coefficients) 30 thus generated) are next converted to floating point
representation. In floating point syntax) each coefficient is represented
as a mantissa and an exponent. The bulk of the compassed bitstream
transmitted to the decoder comprises these. exponents and mantissas. The
coders are expected to operate in real time. Therefore it is important that
the processing ?5 at both the encoders and decoders be highly optimised.
The ATSC standard outlines a method for conversion of the inverse cosine
transform to Fast Fourier Transform to obtain remarkable speed gain.
Frequency transformation presents one of the greatest computation
requirements in any 30 transform coder. Therefore, an efficient
implementation of this phase can decrease .the    20 April 2004
computation requirement of the system significantly and make real time
operation of encoder an easily attainable possibility. In some encoders
such as the AC-3) the frequency domain transtormation of signals is
performed by the modified discrete cosine transform (i`riDCT). If directly
implemented, the MDCT requires O(N `) additions and multiplicacions.
However it is possible to reduce the number of required operations
significantly if one is able to express the MDCT equation into a form that
is amenable to the use of the well known Fast 10 Fourier Transform (FFT)
method of J.~V. Cooley and J.W. Tukey (1960). To compute the MDCT of a
sequence of N real data, conventional methods use a system comprising of a
pre-processing block) an N-point FFT block and finally a post-processing
block. 1~ It is an object of the invention to further reduce the
computation required to evaluate the MDCT. -..1 Summary of the Invention ?0
In accordance with the invention. there is provided a method of evaluating
a modified discrete cosine cransfarm (MDCT) of an input sequence of complex
data using a Fast Fourier Transform (FFT), wherein the FFT is a NI? - Point
FFT. 2~ Preferably, the MDCT is of the form: ~u_ t Xx = ~ x[n] * cos(2n *
(tai + 1 ) * {2k + 1 )I4N + tt * (2k + I )/4) k = 0...(Nl2 - I } where r[n]
represents the input sequence and N is the number of data samples in the
sequence. 30   20 April 2004 



-3 Preferably, a transform coefficient sequence of the VIDCT is derived
using the NiZ - Pvint FFT of a complex function (~[nJ, where z(n] _ (x(2n]
-~.lx[2n + 1 ])et H , 0 <_ n <_ (lYl'' - 1 ) Preferably, a transform Zk and
the complex conjugate of the transform Z~"=,x.~ are derived from z[n] for
the expression dZt~ 11 Y Gt = ; [Zt + Z~_k_~ y+' ` -l CZt _ Z:~~_~ s where
Gk is a transform coefficient sequence which allows the MDCT to be
evaluated, irz that Gt = g tr +JSrl = ~ (x(n]ef'~rr) * ~'..~tiH which can
be used co solve the MDCT when rewritten as xt = cos ~k) 112(e~'~+vrvGt ~"
a ~c,E+iavNG~) - sin ^r(k) ll2j(e~t+~rzuNGk - a ~t+trzvnrG~)
T=cosy*(gkrcos(~(k+ li2)/l~-g,~;sin(~t(k+ 1!2)/l 15 T` -sin Y*(g~,sin(n(k +
ll?)/M + g t,;cos(tt(k + II2)Il~ Eq. 16 r~ fief Descr,,jption of the
Drawings 20 The invention is more fully described, by way of non-limiting
example only, with reference to the drawings, in which: Figure 1 is a
representation of a an audio input sequence; Figure ? is a diagrammatic
representation of an encoder; and Figure 3 illustrates evaluation of the
input sequence, into a coefficient set.  Detailed Description of a
Preferred Embodiment The input to an audio coder comprises a stream of
digitised samples of a time domain analog signaE. For a mufti-channeE
encoder the strea~~n consists of interleaved samples for each 30 channel.
The input stream is sectioned into blocks, each block containing N
consecutive   _ . 20 April 20Q4  samples of each charnel eaee Fig. 1 j.
Thus within a block the ~~' samples of a channel form a sequence
~.r[Oj,.r[ll,x[2~,...,.r[IV 1J}. The time domain samples ace next converted
to the Frequency domain using an analysis filter bank (see Fig. 2); 5 The
frequency domain coefficients, thus generated) form a coefficient sec which
can be identified as (~,.~~,X=....,:~H,=.,). Since the signal is real only
the first ~V/2 frequency components are considered. Here Xa is the lowest
frequency (DC) component while XN,__, is the highest frequency component of
the signal. 10 Audio compression essentially entails finding how much of
the information in the set (~,~~,X=,...,X,."2.,) is necessary to reproduce
the original analog signal at the decoder with minimal audible distortion.
The coefficient set is normally converted into floating point format) where
each coefficient 15 is represented by an exponent and mantissa . The
exponent set is usually transmitted in its original form. However) the
mantissa is truncated to a fixed or variable number of decimal places. The
value of number of bits for coding a mantissa is usually obtained from a bu
allocation algorithm which for advanced ?0 psychoacoustic coders may be
based on the masking property of the human auditory system. 



A low number of bits results in higher compression ratio because less space
is required to transmit the coefficients. However this causes very high
quantization error leading to audible distortion. .A good distribution of
available bits to each mantissa Forms the core of the most advanced
encoders. 25 In some encoders such as the AC 3, the frequency domain
transformation of signals is performed by the (WDCT) modified discrete
cosine transform (Eq. 1). K~,~_~ .Yk= L)
:c(rr]~cos('-t~(Znrl)-(?k-1)/-lN-,. (2k+t)/:~) k=0...(N,2-ly Eq.l n =J   20
April 2004   If directly i.tnplemented in the form given above) the NIDCT
requires O(:v') additions and multiplications. However it is possible to
reduce the number of required operations significantly if one is able S to
evaluate Eq: 1 using the well known Fast Fourier Transform method of J.`V.
Cooley and J.W. Tukey (1960). The general Discrete Fourier Transform (DFT)
is given below (Eq. 2). It requires O(N'-) complex additions and
multiplications. Sut by using the Fast Fourier Transform method the DFT in
Eq. 2 can be computed with 4(Vlog.~u) operations only. Eq,~ ~.w-t I a~nWN
'7 Fk= ~ (x(n] =e ) k=0....V-t Eq._ rt ~o 10 Here j is the symbol for
imaginary number, i.e.j=f-1. Although it may not be immediately apparent
how Eq. 1 can be transformed to Eq. 2, a careful analysis shows that this
is indeed possible. To simplify Eq. 1, let us define two functions cc(n,k)
=Z n(3n + I )(2k a 1 )l4N 15 and ~f (k) =r(? k + 1 )/.~ Then, using these
functions. Eq. I can be rewritten as ?0 n.-.N-l Xk = E x(n] * cos(2n * (2n
+ 1 ) * (2k + 1 )f4N +rt * (2k + 1 )/4) ~~r-t atn.x) xk~ - ~ x(nJ *
cos(ct(n.k) +~(k)) ~v- ~ - ~ x(n] * (cos a(n) k)cos~(k) - sin a(n, k)sin
~y(k)) Eq. 3 E'q. 4 k=0...(N!2- I) Eq. 5 Eq. 6   20 April 2004 -6 Ln Eq.6
the trigonometric equality, eos(a+b)=cos a cos b-sinczsinb is used for
simglifccation. Furthermore) since the function rk) is only dependent on
variable n, it can be brought outside the summation expression to give . X~
= cos ^/(k) E ~ x[n] * cos a(n) k) - sin ~(k) rt r t x[n] * sin a(n) k) Eq,
7 5 '~ ~o ' The two terms, T, and Ty, in Eq.? can now be evaluated
separately. Frorn Euler's identity e'e - cos 8 y j sin 8 , we know that cos
a(n, k) = (e~~n~1 + a ;~n-~))/'~ and sin a(n, k) _ (e~`~"-~~ - a ~~"~~)l2j
. Therefore we can rewrite the terms T, and T~ as m~N-l 10 T' ~~ x[n] *
(era + a ~a)/~ = 1/2{~ ~ ~ x[n] * eJa f~ s ~ x[n] * a tea} Eq. 8 rt~ n~4 ~I
rt=N-[ T~ = ~ x[n] * (efa -a ~)l2j = ll2j{~ E ~ x[n] * e'a -' r ~ x[n] * a
tea} Eq. 9 



At A= 15 We evaluate the term A,. From Eq. 8 and Eq. 9 note that ~~v-e ~
x[n] * eJa ~~ x-w_i _ ~ x[n] * ejt~~(:n+t)t~.t+tviN - efiltttl_vN * ~
i(x[n] * e~wly) * ej,mklA . i0 ?0  If we define a complex variable xr[n]
=x[n] * er~N Eq. 11 then the Eq. 10 is simply  A ~ _ pct+~rzvrv* ~ ~ x~ [n]
* ~Z,~,~,,v fi . 1 9 G The complex term Gx=gx.~ T~gk.;, where gx,~ and ~~,t
s ?fit (set of real numbers) in Eq. 12 is essentially the same as F~ in Eq.
? . Therefore the FFT approach can be used to evaluate G~. 30 This brings
down the computation from OIV= co O(:~Zoe:~l . We can now. similarly,
evaluate   20 April 2004 .7_ the second term A, in Eq. 8 and Eq. 9. rrsN A
~ _ ~ xtn~ * a iQcn.x~ = a ,,at+iryN* ~ ~ (xtn~ * a ,,~"iN) * a Iz~rN Eq,
13 _, c; 5 Note that Gk' is actually the complex conjugate of G~ which was
obtained earlier by Eq. 1?. That is, if Gk=gx.r+jS;~,a, where g k,~ and g
k; a 31 aS defined eariier then Gx =SK.~+Jgwr .Therefore Gk' in Eq. 12 does
not need to computed again and result, from Eq. I2 can be reused. That is
only one FFT needs to be computed for the evaluation of T~. Using Eq. 8 to
13 we obtain 10 Tl - lh(e~'aF+IaYNG~+e fi(k+t~yNGk) E . 14 g Next, we
analyse the term T:. *~rr-i E x(n) * f era - a la)l2j = 1/2j(A i -AZ) 1 ~ =
l~j(ei~t+tayNG~ _ a ;~tk+tryNGx) Eq. 15 Finally after simplifications of
Eq. 7,14 and 15 we obtain 20 Xx = cos y(k) II2.(B~k+112YHGk + 8
fi~'~t~Z?INGk) - sin~y(k) llZj(ef"~k+muNG~ _ a fitr+iny~rGk) r, r:
=cosy*(g,~rcos(n(k+ ll2)/l~-g~sin(n(k+ 1/2)l 1~ -siny*(gx,,sin(n(k+
1I2)Il~+gkicos(rt(k+ 112)!b Eq. 16 r,   20 April 2004 _g_ The term
Gk=ax.rj'Joe.~ may be computed in 0(Nlogl~) operation by using FT
aleorichms. The additional operation outlined in Eq. 1 b to extract the
final Xk is only of order O(:Vy. Therefore the MDCT can now be computed in
O(.Vloe_t~ time. The operations required to obtain the MDCT is illustrated
in Fig. 3. 5 NPoint NmCT Using l~l~-Point F`FT Since the most
computationally intensive part is the FFT) we shall focus on it in order to
decrease computation cven further. The values of G ~ _ ~ ~ Cx(n]e' ^% ~e'~
~ required in Eq. I6 may be obtained through an N/Z-Point F>~T. 10 It is
well known that an N-Point FFT of a sequence of N real data can be easily
obtained by using a N/2-Point FFT only, provided the FF-T is preceded by a
pre-processing and followed by a past-processing which formats the inputs
so that the fznal result is mathematically identical in both cases. In our
present case) the ingut to the FFT block is a sequence of N complex data.
To evaluate 1 ~ the FFT of N arbitrary complex numbers, an N-Point FFT is
definitely required. A M-Point 



FFT) M < N will not do. In the present case however, the input sequence is
not completely an arbitrary complex sequence but is of the form x[n]e' N ,
where x[n] is real. Gt = ~t ~~x(n] * ~ ~ ~~~~ Let us define z[n] _ (x[2n]
+jx[Zn + l~])e~~; 0 <_ n <_ (NI2 -1). Then, taking a N/Z-Pvint FF'T 20 of
z(n], NI?-1 ,r Zk = ~ ~z(n]e' ~ ~, 0 <_ k 5 NI2 -1 Nn-i Therefore, Z=~_t =
~ Cz(n]e ~~e ~~' . Taking the complex conjugate of Z=_x_, gives us Z~_k-,t
= Nit ~z' (n]ej ~ e~^~ ~. Also, note that with some simplifications we
obtain z(n] + z'Cn]e'^~ - ~[?nl~~"' ~d z(n] - z' (n]e'=N = 2x[Zn]eJ*~ ~ .
we now have all the essential derivations for us to obtain Gk from Zx. 30
i[Zk +ZH_t-i, = Z~N~' t ~;:(n]e' ~ ~ +NE t Cz'[n]e''w ~ n ~o   20 April
2004 -9 _ ~~NT-llCz[nJT ~[n~~~rs ~e~ rs ~~  N!3 1 _.rW inz.u j' ~ ~~ ~,~j ~
N IV/~ ~ _w(bO :.e(7nlt N N ~mr.u jazkn ,yl`-t z-,, N12-t b", .zs~, Z~ CZt
- Z=-k-1 ~ _ ~~ ~ ~ LzEnjei N~ ~ _ ~r,, Lz-[nJei ,~: ~N~ ~~ 10 '~ ~au.i~ Nn
t := z~. ` Z' [ ~- CC`[n] ,.~[n]er"rs er "' i'~=rn N!'. l a~~ xaau - Z~ ~ ~
CZjx[2rc t 1)er x ~e' 1~ Xr 1 a~~..a sm...m n o CCx["n + lJer r )e~ N Now
it is straight forward to get Gx from Zt . au.~ `-,~Zt+Z=~-1'-Fy Z~ CZk-Z
x-1 20 Nn-t _e.o ia:wu Nn_! a~.u ~ar~..m o C Cx[2nJ~ X ~~ N ' + ~ ~Cs[2n +
I ]e~ N ~el ~ T o1 ~CX[nl * ~N ~~~~ = Gk  Accordingly) use of an N!? -
Point FFT allows Gk to be derived, which inrurn allows the 30 MDCT of the
eompIer input signal to be evaluated, with reduced computational
requirements.   20 April 2004 _10_ Claims: 1. A method of evaluating a
modified discrete cosine transform (MDCT) of an input sequence of complex
data using a Fast Fourier Transform (FFT), wherein the FFT is a Nl2 5 -
Point FFT. 2. A merhod as claimed in claim I) wherein the MDCT is of the
form: i .Yt= ~ x[nj * cas(2~ * (2n+ 1) * (2k+ I)I4N+n * (2.E+ 1)/4)
k=0...(Nt2-1) ,p,o 10 where ,r[n] represents the input sequence and N is
the number of data samples in the sequence. 3. A method as claimed in claim
2, wherein a transform coefficient sequence of the NiDCT is derived using
the N/2 - Point FFT of a complex function (z[n], where 



15 z[n] = (Xt~] ~" jx[2n + I ])e~~ , 0 5 n 5 (N!2 - I ) 4. A method as
claimed in claim 3) wherein a transform Zk and the complex conjugate of the
transform ZNn-x.1 are derived from Z[n] for the expression ~a171+l) i 20 Gt
ZCZE+Z~'t''f.' ~ ~ ~Zk Z~ "x_t where Gk is a transform coefficient sequence
which allows the MDCT to be evaluated) in that Gx = g~ +J8~ _ ~ (xtn)e'~`")
* d~H which can be used to solve the MDCT when rewriaen as 25 .~Ct = cos
~k) Il2(e~x+~avHGt + a ;~.tt+~nvNGk) - sin Y(k) ll2j(e~t+vHGt _ a
i~~+~r~yNGi) r rl r~ =cosy*(g~,cos(~(k+ I12)/N)-g,~sin(r`(k+ II2)IN) Tl
-siny~(g~~sin(n(k+ Il2)/N)+gt;cos(rt(k+ 1/Z)Irl~ r~ .A&;Sy.As3.A&l.Aa.A
.A3.AH .A .A`.AU lBYzs0KW    w   ~7 :
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